1. Introduction {#sec1}
===============

There is a growing interest toward the removal of pharmaceutical-emerging contaminants in water resources because of which there has been a notable increase in the antibiotic resistance in bacteria, obstructing the infection treatments.^[@ref1]−[@ref3]^ Accordingly, a great deal of hospital-acquired infections is due to these multidrug-resistant bacteria.^[@ref4]^ Various pharmaceuticals are constantly being added to the latest contaminant candidate list of the United States Environmental Protection Agency (US-EPA) and the list is expected to grow. As the World Health Organization (WHO) defines, antibiotic resistance can occur naturally and affect anyone and threaten the global health. Using safe water is one of the key points to prevent the spread of it.

A number of antibiotics have been studied thus far. A common attention was paid mostly on quinolones such as ciprofloxacin,^[@ref5],[@ref6]^ macrolides such as erythromycin,^[@ref7]^ tetracyclines,^[@ref8]^ nitroimidazoles such as metronidazole,^[@ref2]^ and amoxicillin from the penicillin family.^[@ref3]^ However, there exist more antibiotics from various other families that also need to be studied. Hygromycin B (Hyg B) is an aminoglycoside broad-spectrum antibiotic with the molecular formula C~20~H~37~N~3~O~13~ that acts against bacteria, fungi, and higher eukaryotic cells. Gentamicin (Gen) is another aminoglycoside broad-spectrum antibiotic consisting of four major and several minor components with the molecular formula C~21~H~43~N~5~O~7~ and is used mostly against Gram-negative bacteria. Gen is also the most commonly used antimicrobial in the poultry production.^[@ref9]^ Gen, along with several others, is the primary defence antibiotics used for treating Pseudomonas infections.^[@ref10]^ Vancomycin (Van), on the other hand, belongs to the family of glycopeptides as a branched tricyclic glycosylated peptide. It is a broad-spectrum antibiotic with the molecular formula C~66~H~75~Cl~2~N~9~O~24~, acting against methicillin-resistant strains of *Staphylococcus aureus* and is used for drug-resistant Gram-positive bacteria. Pathogens with resistance against multiple classes of antibiotics are called superbugs and are especially crucial. Van-resistant Enterococci is one of the most well-known superbugs, which makes Van removal from water resources a rather essential issue.^[@ref11],[@ref12]^

There exist traditional techniques for the elimination of antibiotics from resources, such as using membranes,^[@ref13],[@ref14]^ biodegradation,^[@ref15]^ chemical oxidation,^[@ref16]^ ionic treatment,^[@ref17]^ and adsorption.^[@ref18],[@ref19]^ Among these techniques, adsorption is the most convenient technique because of adsorbents being easy to produce, rather cost-efficient, and quite effective. Carbon-based materials are extraordinary tools to be used as adsorbents and many examples can be found in the literature.^[@ref20]−[@ref26]^ Carbon aerogels (CAs), carbon nanotubes (CNTs), and graphene aerogels (GAs) are high-surface-area materials most commonly produced with sol--gel chemistry. They are quite promising materials with unique mass-specific surface area, chemical inertness, and environmental compatibility.^[@ref27]^ Some of the new structures are rather unfavorable because of their complicated and high-cost production and handling procedures together with several other drawbacks. For instance, the synthesis of graphene oxide (GO) yields a large amount of chemical waste,^[@ref28]−[@ref30]^ and CNT production usually requires further purification steps before use. Therefore, CAs are considerably easy to produce and handle. In the studies conducted thus far, CAs were most commonly used for the oil/water and oil/organic solvent separations.^[@ref30]−[@ref34]^

The amount of waste paper produced every single day is far beyond to be disregarded, which estimated around 400 million tons annually.^[@ref35]^ This makes paper, among all other materials, the most widely produced and attainable type of waste in the world. In this study, CAs were produced from waste paper and employed for the antibiotic adsorption. The CAs were prepared inside 24-well plates (approximately 2 cm^3^ per well) and incubated in different antibiotic solutions (Hyg B, Gen, and Van). The antibiotic adsorptions were tested with a UV spectrophotometer. The proposed carbon adsorbent is easy to produce employing green chemistry, cost-efficient because of paper wastes being easily attainable, and has good adsorption capacity. This work, therefore, introduces a facile and practical synthesis route for CAs and represents the first study for their utilization in the removal of antibiotics from water resources.

2. Results and Discussion {#sec2}
=========================

2.1. Characterization of CAs {#sec2.1}
----------------------------

The microstructural features and the morphology of the CAs were characterized with scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The SEM image clearly showed that the thickness of fibers within the aerogel were more or less the same ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b shows an individual carbon fiber with a thickness of approximately 3.4 μm.

![(a) SEM and (b) TEM images of the carbon material.](ao0c01479_0001){#fig1}

The chemical composition of the aerogel surface was studied with X-ray photoelectron spectroscopy (XPS). The obtained spectrum showed the C-to-O ratio as 25.31 for CAs ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01479/suppl_file/ao0c01479_si_001.pdf)). This ratio was found to be closer to those reported in the literature for carbon nanofiber aerogels, given as in the range of 14.13--20.55.^[@ref36]^ The quantity of elements (C, H, N, and S) in the produced materials was determined using an elemental analyzer ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01479/suppl_file/ao0c01479_si_001.pdf)). The μ-CT system was used to reveal the 3D microstructural properties including open porosity, pore size, and pore distribution ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01479/suppl_file/ao0c01479_si_001.pdf)). According to the results, total porosity and open porosity were calculated as 90.80 and 90.76%, respectively. The surface area and surface-to-volume ratio were found as 795.15 mm^2^ and 16.79 mm^--1^, respectively. Finally, the connection density was found as 1.50 mm^--3^ ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01479/suppl_file/ao0c01479_si_001.pdf)). Brunauer--Emmett--Teller (BET) surface area calculations were performed using an Autosorb 6B surface area analyzer (Quantochrome Co., U.K.). The BET surface area was calculated as 104.2 m^2^/g.

2.2. Adsorption Studies {#sec2.2}
-----------------------

Adsorption properties, such as adsorption capacity and rate, are important when high-surface-area materials are employed as adsorbents in the elimination of materials because they reflect the adsorption capability, capacity, and reaction equilibrium velocity. First, in order to determine the effect of ambient pH on the adsorption of three antibiotics (Hyg B, Gen, and Van) by CAs, pH was changed between 2 and 9. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, the highest antibiotic adsorption was observed at pH 7, 6, and 3 for Hyg B, Gen, and Van, respectively. The adsorbed antibiotic amounts at those particular pH values were 99.63, 58.83, and 102.33 mg/g for Hyg B, Gen, and Van, respectively.

![Effect of (a) pH, (b) time, and (c) initial concentration on the adsorption capacity of antibiotics. In the pH studies, all experiments were conducted at room temperature for 3 h and the initial concentrations of antibiotics were 0.4, 0.04, and 0.04 mg/mL for Hyg B, Gen, and Van, respectively.](ao0c01479_0002){#fig2}

Gen is an antibiotic used against *S. aureus*, which survives in acidic media. Studies on the antibiotic susceptibility of *S. aureus* at acidic pH showed that the activity of Gen was reduced when the environment was too acidic.^[@ref37]^ In the study, the minimum inhibitory concentration of Gen was dramatically higher at pH 5.0 than at pH 7.4. The observed effect was changing critically between pH 5.0 and 6.0.

In our study, the experiment showed that the highest binding affinity was observed at pH 6, which is within the safe range provided in the abovementioned study. The results of optimization conditions by Abdulmunim et al. showed that the highest antimicrobial activity of Hyg B was obtained at pH 8 at an incubation temperature of 35 °C for 10 days.^[@ref38]^ Under these conditions, the toxicity of the Hyg B crude extract was examined in the liver of the mice, resulting in slight effects. The pH value at which the highest Hyg B adsorption was obtained matched with this value. Pauwels et al. in their study observed that the pH of Van solution showed a small change in the UV absorbance value at the end of 24 h. Taking these observations into consideration, it was found that Van solution was physically stable for a period of 24 h and its activity was the maximum at pH 3.5.^[@ref39]^ This value matches with the value at which the maximum binding capacity was observed in our study.

Interaction time is important to understand the adsorption steps that affect the velocity of the whole process. Minimum amounts of time antibiotics reached their maximum adsorption by the aerogels were 90, 120, and 40 min for Hyg B, Gen, and Van, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). The optimal interaction times for each antibiotic were determined and these interaction times were used in the subsequent concentration-scanning studies.

The effect of the initial concentration of the antibiotics on their adsorption amounts by the aerogels was investigated by changing the concentrations in aqueous solution in the range of 0.02--0.8 mg/mL. This concentration scanning was made for each antibiotic, taking the optimal pH values and interaction times into account. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c shows the effect of the initial concentrations of antibiotics on the adsorption capacities. As observed in the graphs, the amount of antibiotics adsorbed by the aerogels increased with increasing antibiotic concentration in the adsorption medium. The concentrations at which saturations were reached were found as 0.6, 0.5, and 0.1 mg/mL for Hyg B, Gen, and Van, respectively.

Next, the adsorption isotherms were investigated to find out which model fits the best to the adsorption behaviors toward the antibiotics. Using the correlation coefficients, it was found that for all three antibiotics, the adsorption behavior fits the Langmuir model ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This was determined by looking at the *R*^2^ values, for which the one closest to 1 is assumed to be the fitting model. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows that *R*^2^ values for the Langmuir model are the highest. Moreover, the maximum adsorption values (*Q*~L~) meet the experimental ones (*Q*~exp~). The Langmuir model assumes that the adsorbent has homogeneous binding sites with a single affinity constant value.

###### Experimental Binding Capacity (*Q*~exp~) Found and Langmuir and Freundlich Constants Calculated for Hyg B, Gen, and Van

          experimental   Langmuir constant   Freundlich constant                           
  ------- -------------- ------------------- --------------------- ------- -------- ------ -------
  Hyg B   95.330         104.16              8.00                  0.981   98.15    4.00   0.806
  Gen     65.079         81.30               8.79                  0.926   97.53    2.35   0.733
  Van     97.822         107.52              31.00                 0.964   177.15   2.88   0.830

          D--R     Temkin                                       
  ------- -------- -------- -------- -------- -------- -------- --------
  Hyg B   194.86   0.0029   13.130   0.8182   149.74   128.67   0.8115
  Gen     270.26   0.0046   10.425   0.755    66.52    125.66   0.7634
  Van     391.97   0.0028   13.363   0.836    338.59   106.76   0.7976

The Freundlich model is used to explain physical adsorptions taking place on the surface of heterogeneous adsorbents. In other words, it is assumed that each functional region on the surface of the adsorbent has a different adsorption potential. According to our findings, regions where adsorption events occur on the surfaces of the CAs have the same potential, making the system fit the Langmuir model. Because it fits the Langmuir model, equilibrium was proven to be reached at a constant temperature between the concentration of the environment and the concentration of the antibiotics that are adsorbed as single layers on the CAs which is assumed to be homogeneous. Because of the suitability to the Langmuir model, saturation of the adsorbent surface was also proven. Moreover, upon finding that the material had homogeneous structure, confirmation of the characterization was also established.^[@ref40]^

The equilibrium data were also evaluated for the Temkin and Dubinin--Radushkevich (D--R) isotherm models ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Constants calculated and the average adsorption energy according to the D--R adsorption isotherm give an idea regarding the physical and chemical nature of the adsorption process. Energy values for all antibiotics were found to be between 8 and 16 kJ mol^--1^; therefore, the adsorption process is believed to flow by chemical ion exchange.^[@ref41]^ The Temkin constant *b* is related with the adsorption heat; if it is positive, the reaction is exothermic and if it is negative, the reaction is endothermic.^[@ref42]^ In this study, when the Temkin isotherm was analyzed, *b* values were found positive. Although analyses were not performed at different temperatures, this finding may refer that the mechanism was endothermic.

System suitability to the Langmuir model proved the existence of homogeneous binding sites on the prepared CAs. Adsorption processes that fit this model have the advantage of "finite saturation limit", whereas because systems that fit the Freundlich model have heterogeneous binding sites, it is believed that the processes will be affected by the different environmental conditions. In the aqueous phase processes where the system does not fit both Langmuir and Freundlich, Temkin and D--R models are used to find the suitable model.^[@ref40]^

When the correlation coefficients are examined, the interaction between the surface of the CAs and all three antibiotics seem to fit the pseudo-second-order kinetic model ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). This was decided based on the *R*^2^ and *Q*~e~ values; for greater *R*^2^ values (0.991), the *Q*~e~ values (72.463 mg/g) are closer to the experimental values (*Q*~exp~) (69.537) ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01479/suppl_file/ao0c01479_si_001.pdf)). Also, the adsorption capacity values obtained from the pseudo-second-order kinetic model are in good agreement with the experimental results. When the kinetic data were analyzed, it was found that the adsorption of antibiotics to the carbon material was chemisorption without any diffusion restriction.

###### Pseudo--First-Order and Pseudo-Second-Order Kinetic Parameters Calculated From Kinetic Analyses of the Adsorption Studies for Three Different Antibiotics

          equilibrium   experimental   pseudo 1st order kinetic   pseudo 2nd order kinetic                            
  ------- ------------- -------------- -------------------------- -------------------------- ------- ------- -------- -------
  Hyg B   0.4           109.872        0.006679                   5.281                      0.432   0.115   96.154   0.987
  Gen     0.04          69.537         0.0150                     4.870                      0.814   0.077   72.463   0.991
  Van     0.04          94.812         0.0025                     4.237                      0.045   0.687   51.813   0.987

          IPD               
  ------- -------- -------- --------
  Hyg B   6.297    22.632   0.7889
  Gen     4.5364   13.334   0.8903
  Van     2.5944   29.882   0.2538

According to graphs drawn for the intraparticle diffusion (IPD) model which show no linearity, the *R*^2^ values obtained were smaller than 1. Therefore, it was found that the adsorption in our system was not at the intraparticle level ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

2.3. Comparison with Other Studies {#sec2.3}
----------------------------------

As mentioned in the [Introduction](#sec1){ref-type="other"}, the applications of CAs usually include oil removal or water--oil separation.^[@ref30]−[@ref34]^ In such studies, adsorption of crude oils or olive, cooking, or pump oils and organic solvents such as, benzene, acetone, chloroform, methanol, ethanol, *n*-hexane, cyclohexane, and so forth was studied. The adsorption of all these to CAs results in very high adsorption capacities. These very high values drop down dramatically to mg/g levels when the studies are conducted upon antibody adsorption. Therefore, although the methods employed for the production of aerogel materials in the aforementioned work were found to be rather similar to what is done in this study, the comparison was made based on examples where the adsorbates were various antibiotics. In this sense, of course, the physical and chemical characteristics of the carbon materials differed significantly; however, a correlation was made in terms of their synthesis routes, surface area properties, and production challenges.

In a study carried out by Ma et al., adsorption capacities of graphene hydrogel (GH) and GA were compared using ciprofloxacin, a fluoroquinolone that show broad-spectrum antibacterial activity.^[@ref43]^ It was found that the adsorption capacity of GH (235.6 mg/g) was almost 6 times greater than that of GA (42.2 mg/g). It was also reported that the adsorption behavior fits the Langmuir model, which is similar to our findings. A further study conducted by the same group, based on GH and ciprofloxacin, provided a rather detailed comparison where different carbon-based materials from various other studies were synthesized and their adsorption capacities were determined.^[@ref44]^ The highest capacity was found with GH (235.64 mg/g), followed by activated carbon (231 mg/g), CNT (135 mg/g), modified CNTs (106--138 mg/g), chemically prepared carbon (104.2--133.3 mg/g) through reduction of GO by aluminum powder, carbon xerogel (112 mg/g), Fe~3~O~4~/C (74.68 mg/g), GO/calcium alginate fibers (66.25 mg/g), nano-Fe~3~O~4~ (12--37 mg/g), and GO/magnetite composites (10.91 mg/g). These studies focused mostly on graphene-based materials; therefore, the interaction between the antibiotic and the material was based mainly on π--π interactions. These interactions are of noncovalent types that involve π systems where the electron-rich π system can interact with a molecule or even another π system. In the case of aromatic--aromatic interactions, which are also called π-stacking, the phenomenon results from the stacking of two aromatic groups just like in the case of graphene and ring structure of ciprofloxacin. In the article, the authors indeed indicated that the adsorption mechanism between the GH and ciprofloxacin was based on the π--π electron donor--acceptor interaction, as well as some hydrophobic interactions and hydrogen bonding. In many other studies, this π-stacking has been accepted as the dominating force for the adsorption of organic molecules with benzene rings on the carbon surface.^[@ref45]−[@ref47]^ In our case, the synthesized CA showed no graphene characteristics; therefore, there were no π--π interactions between the material and the adsorbate molecules chosen. Even in the absence of strong π--π interactions, the material showed reasonable adsorption performance, yielding values of up to 107.52 mg/g for Van.

Another comparison at this point would be the uncomplicated and unsophisticated synthesis route. For instance, the bottom-up synthesis of GO can be done with chemical vapor deposition and epitaxial growth on silicon wafers, which need experience and are time-consuming.^[@ref48]^ Its top-down syntheses include oxidation steps usually with KClO~3~, which produces toxic ClO~2~ gas. CNTs require purification, and other mentioned materials contain magnetic nanoparticles. Here, on the other hand, CAs can be synthesized using waste paper only, eliminating the need of any other material and used directly without any further purification or modification steps. When comparisons were made between the performance of CAs used in this study and other studies based on CNTs and metal nanoparticles, the capacities reach 78.14 mg/g^5^ for cupric oxide nanoparticles toward ciprofloxacin and 153.08 mg/g^3^ and 173.28^2^ for multiwalled CNTs toward amoxicillin and metronidazole, respectively. However, when natural-based adsorbents are considered, the performance of CAs can be considered rather well. For instance, capacities reach 41.58 mg/g for the maize stalk biosorbent toward tetracycline,^[@ref8]^ 48.28 mg/g for the rice husk biosorbent toward metronidazole,^[@ref49]^ and 55.19 and 58.11 mg/g for azolla filiculoides toward tetracycline^[@ref50]^ and cephalexin, respectively.^[@ref60]^

It was reported by Peng et al. that the amount of aromatic rings on antibiotics had an impact on the adsorption rate.^[@ref51]^ In the article, they defined the hexagonal ring molecular structure as the π-ring and stated that as the number of the rings on antibiotics increased, the faster they were adsorbed on the carbon materials. In their study, they used four ring-containing tetracycline and ofloxacin, two ring-containing sulfadiazine, amoxicillin, and sulfamethazine, and single ring-containing sulfamethoxazole and cefalexin. Although their results were in good agreement with their claim, there were some exceptions such that for some cases, single ring-containing antibiotics were adsorbed faster than the double ring ones. In our study, to observe the effect of the number of rings on the molecules to the adsorption rate, Hyg B (3 rings), Gen (3 rings), and Van (7 rings) were chosen. Despite the number of rings being the same for Hyg B and Gen, the adsorption rate of Gen was found to be almost half of that of Hyg B. For Van, however, the rate was much higher. Even though π--π interactions do not act in this system, increased amount of aromatic rings did result in better adsorption. In the aforementioned study by Peng et al., the mean values for the adsorption capacities of the graphene, first biochar, and second biochar were found as 190.3, 105.7, and 199.0 μg/g, respectively. Even though the synthesis and purification of graphene are rather complex and difficult, in this example, the adsorption capacity of the simply produced biochar from bamboo was much higher. Compared to this study, CAs used in our study are found to have much larger adsorption capacity with a much simpler production route, moreover by recycling the waste papers. Compared to the abovementioned study with GH and GA,^[@ref43]^ the aerogels in our study found to have up to 2--2.5 times more adsorption capacity than the GAs. Although CA material does not exhibit superior adsorption behaviors, it is quite comparable with, and sometimes better than, carbon xerogels,^[@ref20]^ CNTs,^[@ref20]^ chemically prepared carbon,^[@ref21]^ and GO/calcium alginate fibers.^[@ref23]^ It also showed better performance compared to various other adsorbents provided in the literature; for instance, in studies conducted with tetracycline, the adsorption capacities of GO-functionalized magnetic nanoparticles^[@ref52]^ and modified biochar^[@ref53]^ were found to be 39.1 mg/g and 17 mg/g, respectively.

A rather new study on the removal of ampicillin from wastewater showed a comparison between the performances of liquid nitrogen-treated (CM1) and -untreated (CM2) carbon materials.^[@ref54]^ The adsorption capacities of CM1 with 550.52 m^2^/g and CM2 with 422.93 m^2^/g BET surface areas were found to be 206.00 and 178.423 mg/g, respectively. In our study, the BET surface area of the CA was found as 104.2 m^2^/g, which is almost 4--5 times smaller than that of CM1 and CM2, whereas when the adsorption capacities are compared, there is only up to 2 times difference between them. Despite the specific surface area being believed to be the main factor affecting the adsorption capacity,^[@ref55]^ CAs with a much less surface area still resulted in comparably high adsorption capacity. Their kinetic and isotherm models are in good agreement without findings, which are the pseudo-second-order kinetic and Langmuir models. Finally, a very recently published paper included the comparison of terramycin and levofloxacin adsorption on CAs and magnetic CAs.^[@ref56]^ In the study, resorcinol and formaldehyde were employed as carbon sources and aerogel network, and the specific surfaces areas found for each material were extremely high. The kinetic studies were found to fit the pseudo-second-order kinetic model and high adsorption capacity was obtained. Because of this highly effective adsorption, the adsorption mechanism between terramycin and the CA was suggested to be resulting from π--π interactions, although there was no graphene-like structure.

3. Conclusions {#sec3}
==============

In this study, CAs were synthesized from waste papers and their adsorption behaviors toward three antibiotics were investigated. Those three antibiotics were selected from aminoglycoside and glycopeptide families rather than commonly studied sulphonamides, macrolides, fluoroquinolones, or tetracyclines. It was reported earlier that as the number of the rings on antibiotics increases, the faster they are adsorbed on the carbon materials. Although the amount of the benzene rings in Hyg B and Gen was the same, the adsorption rate of Gen was much slower. On the other hand, for Van, the rate was much higher as expected. This behavior is believed to be irrelevant to π--π interactions. Therefore, even though the adsorbent does not have a graphene-like structure, the number of aromatic rings might still have an effect on the adsorption rate. For all three antibiotics, the adsorption behavior fits the Langmuir model, which is a quite common finding in many carbon adsorbent-based antibiotic adsorption studies. As a result of the kinetic studies, interaction between the surface of the CAs and all three antibiotics was found to fit the pseudo-second-order kinetic model, which is also in good agreement with many other studies. The adsorption capacities were found as 104.16, 81.30, and 107.52 mg/g for Hyg B, Gen, and Van, respectively. Various studies on this field showed that graphene-based structures resulted in better adsorption capacities; however, one major drawback is their complex synthesis and sophisticated purification steps. The production of CAs by recycling the waste paper, within the scope of this study, is safe, facile, and cost-efficient which makes these green adsorbents a good candidate for the removal of antibiotics from water resources. To the best of our knowledge, this study represents the first antibiotic adsorption study based on CAs obtained from waste paper.

4. Materials and Methods {#sec4}
========================

4.1. Materials {#sec4.1}
--------------

Hyg B solution (50 mg/mL) and Gen solution (10 mg/mL) were purchased from Capricorn Scientific, Germany. Van hydrochloride (250 mg) was purchased from Santa Cruz Biotechnology, USA. The chemical structures of the antibiotics are provided in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![Chemical structures of antibiotics used in this study: (a) Hyg B, (b) Gen, and (c) Van.](ao0c01479_0003){#fig3}

4.2. Preparation and Characterization of CAs {#sec4.2}
--------------------------------------------

The preparation of the CAs included three major stages: pulp preparation from a biomass source, freeze-drying, and pyrolysis. In detail, 0.06 g of waste papers was soaked in 40 mL of distilled water for 24 h in a falcon tube. Then, 10 mL of 10% HCl was added to the falcon tube. When papers are exposed to HCl/H~2~O, the hydrolysis reaction occurs. The protonation of the glycoside bond leads to the cleavage and as a result, cellulose polymer fragments are obtained. Accordingly, papers were then broken down into strands of cellulose through the HCl treatment. After 12 h, cellulose fragments were centrifuged to wash away the HCl. This process was repeated 4 times at a speed of 6000 rpm. Next, they were carefully placed in Petri dishes and left to dry at 60 °C for at least 2 h. Then, the dried cellulose fragments were wetted again by the addition of 20 mL of distilled water and magnetically stirred vigorously without heating for 2 days, followed by mechanical stirring at 1000 rpm for 1 day. Because of strong agitation under both magnetic and mechanical stirring, they formed pulps. Then, pulps were collected and placed in a −86 °C freezer and let to stay there for 1 day. The frozen pulps were lyophilized (freeze-dried) and finally pyrolized at 850 °C (with a heating rate of 5 °C/min) for 3 h at a low pressure (0.1 atm) under an argon atmosphere. Black and featherweight CAs were obtained ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01479/suppl_file/ao0c01479_si_001.pdf)). Using different containers, shapes and sizes of these aerogels can be controlled. For instance, in this study, we used a 24-well plate and filled each well completely ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

![(a) Production of CAs in a 24-well-plate and (b) size comparison of the CA structure before (white) and after (black) pyrolysis.](ao0c01479_0004){#fig4}

The CAs were coated with gold--palladium, and microstructural morphology of the prepared materials was investigated using SEM (Quanta 400F field emission SEM, Germany). TEM imaging was performed using a CTEM FEI, Tecnai G^2^ (The Netherlands). For this purpose, a small piece of carbon material was dispersed in ethanol and deposited on a carbon-coated copper grid. The surface chemical composition was studied with XPS (PHI 5000 Versa Probe, Japan). The quantity of elements (C, H, N, and S) in the produced materials was determined using a CHNS-932 elemental analyzer (Leco, USA). To evaluate the 3D microstructural properties of the samples, a micro-computerized tomography (μ-CT) (Bruker SKYSCAN 1172, USA) was employed. Finally, the BET surface area calculations were performed using an Autosorb 6B surface area analyzer (Quantochrome Co., U.K.).

4.3. Parameters and Setup for the Adsorption Studies {#sec4.3}
----------------------------------------------------

Antibiotic solutions with concentrations ranging between 0.01--0.1 mg/mL (for Gen and Van) and 0.1--1 mg/mL (for Hyg B) were prepared either by dissolving or diluting in DI water. Then, their UV absorbance values were recorded, and concentration versus absorbance values were drawn as the calibration curves and the *R*^2^ values were obtained. According to the graphs, error percentages were calculated, and concentrations with the least error were chosen for the pH, time, and concentration scan studies for each antibiotic.

For the pH studies, the range was selected as 3--9 for Hyg B and Gen and 2--8 for Van. A total of 10 mL of antibiotic solutions (0.4 mg/mL, 0.04 mg/mL, and 0.04 mg/mL for Hyg B, Gen, and Van, respectively) and 0.0006 g of CAs were treated for 3 h at each pH value. For the time studies, antibiotics and aerogels were treated for a time range of 0--180 min. Next, 10 mL of solutions was incubated with 0.0006 g of CA. At certain time points, samples were taken and their absorbance values were recorded. During time studies, pH was kept constant at 7, 6, and 3 for Hyg B, Gen, and Van, respectively, at which the highest binding capacities were obtained during pH studies. Finally, for the concentration studies, the following concentration ranges were employed: 0.2--0.8 mg/mL for Hyg B, 0.02--0.2 mg/mL for Gen, and 0.02--0.2 mg/mL for Van.

Initially, the UV absorbance values at the beginning of each experiment set were measured and recorded as "*A*~i~". The absorbance values after each experiment were recorded as "*A*~f~". *C*~i~ and *C*~f~ values were calculated from [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.where *n* and *m* are constants derived from the original form of the equation of the graph (*y* = *mx* + *n*). From the *C*~i~ and *C*~f~ values obtained, binding capacities (*Q*) were calculated using [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}.where *V* is the volume and *m* is the mass. Curves for binding capacity values versus concentrations were drawn for each sample.

### 4.3.1. Adsorption Isotherms {#sec4.3.1}

Adsorption isotherms define the connection between the adsorbate concentration in the equilibrium solution and the amount of the adsorbate in the solid phase that is adsorbed. The adsorption process continues until equilibrium is established between the adsorbate concentration accumulated on the adsorbent and the adsorbate concentration left in the solution and this equilibrium is explained by the adsorption isotherms. Langmuir, Freundlich, Temkin, and D--R adsorption models are applied to define the interaction between the adsorbed molecules and the adsorbent.

The Langmuir adsorption isotherm is defined using [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}. This isotherm assumes that molecules interact with regions that only accept single-molecule adsorption at a time and that their energies are equal, excluding any type of interaction between molecules and neighboring regions.Here, *Q* (mg/g) is the amount of the antibiotic adsorbed on the adsorbent, *C*~e~ (mg/mL) is the concentration of the antibiotic at equilibrium, *b* (mL/mg) is the Langmuir constant, and *Q*~max~ (mg/g) is the maximum adsorption capacity. When the equation is linearized, the following equation is obtainedfor which the point cutting the y axis for the graph 1/*C*~e~ versus 1/*Q* gives 1/*Q*~max~ and the slope of the graph gives .

The Freundlich adsorption isotherm assumes that the adsorption of the adsorbate to the adsorbent depends highly upon the neighboring regions being whether full or not. The Freundlich equation is provided in [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}.Here, *Q*~eq~ (mg/g) represents the adsorption amount and *C*~e~ (mg/mL) is the antibiotic concentration at equilibrium. *K*~f~ and 1/*n* are the Freundlich constants, in detail, the Freundlich exponent and the Freundlich slope, respectively. By taking the log of each side, [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} can be obtained.

The experimental findings were adapted to the Freundlich model, and the graph of ln *C*~eq~ versus ln *Q*~eq~ was drawn. The adsorption constants were calculated from the cutting points and the slope.

For the systems where the adsorption curve depends on the porous surface of the adsorbent, the D--R isotherm is used widely. With the D--R model, it can be determined whether the adsorption mechanism is physical or chemical. [Equation [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} is used for the D--R isotherm model.Here, *Q*~e~ and *Q*~m~ represent the adsorbed antibiotics and the maximum adsorption capacity in mol/g, respectively. β is the constant depending on adsorption energy in mol^2^/J^2^ and ε is the Polanyi potential and is found from [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}.

When the plot of ln *Q*~e~ versus ε^2^ is drawn, the slope yields β and the intercept point of the *y* axis yields ln *Q*~m~. Using the constant β, average adsorption energy can be calculated using [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}.^[@ref57]^

If the energy is found to be between 8 and 16 kJ mol^--1^, the adsorption mechanism can be related with chemical ion exchange; if it is greater than 16 kJ mol^--1^, the process is driven by chemical interactions and classified as chemisorption, whereas if the energy is found to be smaller than 8 kJ mol^--1^, this interaction would be physical and classified as physisorption.^[@ref41],[@ref58]^

As an assumption of linear decrease in the adsorption energy due to interactions between the adsorbate and adsorbent, the linear Temkin isotherm equation was derived ([eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}). In this model, as the active centers on the adsorbent are filled, it is assumed that the adsorption energy decreases linearly.Here, *B* is represented with *RT*/*b* where *b* is the Temkin constant in J/mol and is related with the adsorption heat.^[@ref59]^

### 4.3.2. Adsorption Kinetics {#sec4.3.2}

The rate control mechanism depends on three possible steps during the adsorption process. First one is the mass transfer to the outer surface at the early stages of the adsorption or film diffusion. This is followed by the reaction or constant rate step, forming the second one. At the third and the last step, diffusion toward the inner parts of the pores takes place where the adsorption amount is significantly decreased. These rate control mechanisms are explained with the pseudo-first-order and the pseudo-second-order kinetic models.

If the adsorption rate-determining step is based on the diffusion of the analyte to the surface of the adsorbent, the system fits the pseudo-first-order model. If the adsorption rate-determining step is based on the interaction between the analyte and the adsorbent, the system fits the pseudo-second-order model. The first case is called a diffusion-controlled process and the second one is referred to as chemisorption. The treatment and exposure times are important to understand the steps affecting adsorption rates. The mechanisms controlling the adsorption process are mass transfer and chemical reactions. In the determination of these mechanisms, pseudo-first-order and pseudo-second-order models were applied to the experimental data. Concentrations measured were assumed to be equal to the adsorbents' surface concentrations. The pseudo-first-order equation is quite commonly used in the adsorption of a solute in a solution ([eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}).Here, *k*~1~ (1/min) is the pseudo-first-order adsorption rate constant, *q*~eq~ (mg/g) and *q*~*t*~ (mg/g) are the adsorbed antibiotic amounts at equilibrium and at *t*, respectively. Taking the integral with boundary conditions of *t* = 0 min, *q*~*t*~ = 0, and *t* = *t* min, *q*~*t*~ = *q*~*t*~ would lead to [eq [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"}

When this equality is linearized, [eq [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"} can be obtained.

The linearity of the graph of *t* versus log(*q*~eq~) shows the applicability of the kinetic model.

The pseudo-second-order equation based on equilibrium capacity of the adsorption is given in [eq [14](#eq14){ref-type="disp-formula"}](#eq14){ref-type="disp-formula"}.Here, *k*~2~ (g/mg·min) is the pseudo-second-order adsorption rate constant. Similarly, taking the integral with boundary conditions of *t* = 0 min, *q*~*t*~ = 0, and *t* = *t* min, *q*~*t*~ = *q*~*t*~ would lead to [eq [15](#eq15){ref-type="disp-formula"}](#eq15){ref-type="disp-formula"}

The linearized version of this equation is given in [eq [16](#eq16){ref-type="disp-formula"}](#eq16){ref-type="disp-formula"}.

For the second-order kinetic model to be applicable, the graph of *t* versus *t*/*q*~*t*~ should be linear. The rate constant (*k*~2~) and equilibrium adsorption (*q*~eq~) should be obtained from the cutting point and the slope, respectively.

Adsorbate molecules usually moved from the solution to solid phase through the IPD process, which is the rate-determining step. IPD probability can be explained using the IPD model.^[@ref60]^

To test whether the adsorption study fits this model, [eq [17](#eq17){ref-type="disp-formula"}](#eq17){ref-type="disp-formula"} is employed.Here, *k*~i~ is the IPD rate constant and *C* is the boundary layer thickness. The graph of *q*~*t*~ versus *t*^0.5^ is drawn. For this model to be valid, the slope of the obtained curve should yield a straight line.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01479](https://pubs.acs.org/doi/10.1021/acsomega.0c01479?goto=supporting-info).Real images of CAs before and after pyrolysis for size comparison; XPS spectrum of CAs; nitrogen, carbon, hydrogen, and sulfur percentages in produced CAs; μ-CT data; pseudo-first-order and pseudo-second-order kinetic study graphs; and IPD graphs ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01479/suppl_file/ao0c01479_si_001.pdf))

Supplementary Material
======================

###### 

ao0c01479_si_001.pdf

G.A. and M.O. contributed equally to this work. All authors have given approval to the final version of the manuscript.

No funding was received in the making of this study.

The authors declare no competing financial interest.

The authors would like to thank Dr. M. Andaç for helping with the calculations and Dr. A. Tevlek for the contributions during the optimization of CA synthesis.

CAs

:   carbon aerogels

Hyg B

:   hygromycin B

Gen

:   gentamicin

Van

:   vancomycin

D--R

:   Dubinin--Radushkevich

IPD

:   intraparticle diffusion
